Simultaneous study of intracellular quantification and distribution of fluorescent probes is difficult when cell staining is not homogeneous. This occurs after mitochondrial staining with rhodamine 123 (R123). Classical techniques for evaluation of intracellular R123 fluorescence, such as flow cytometry, are based on measurement of the global fluorescence intensity but do not take into account parameters that reflecting cellular distribution of the probe. For simultaneously studying intracellular quantification and distribution of R123 with fluorescence image analysis, we delineated a mask of the cell, generated from a fluorescent image of the plasma membrane stained by nile red (NR). After a preliminary study of the fluorescence characteristics of R123 and
Introduction
The specific staining of mitochondria in living cells with rhodamine 123 (R123) reflects the metabolic state of the cell (3,7). Differences in cellular uptake and retention of RI23 have been extensively used (2), for example, to demonstrate that old human fibroblasts maintain a higher mitochondrial transmembrane potential than young fibroblasts (15). Moreover, differences in cell accumulation and retention of RI23 have been widely used to discriminate cells possessing the multidrug resistance (MDR) phenotype (1,12,14), characterized by a low uptake of R123 compared with sensitive cells. These results show the potential utility of an accurate evaluation of the cellular accumulation of R123. Some work has been done with fluorescence microscopy but the observations were qualitative (8, 9) . Other studies have been performed by flow cytometry, which allows elegant experiments but does not take into account Supported by a grant from INSERM (920918) , by the ComitC des P.O.
de la Ligue Frangaise contre le Cancer, and by Pale Regional G n i e Biologique et MCdical du Languedoc-Roussillon. NR to avoid artifacts and optimize conditions of staining, quantification and distribution of intracellular R123 studies were performed by superimposition of the mask on the R123 fluorescence image. This protocol was applied to leukemic cells and allowed estimation of individual cell parameters such as mean fluorescence intensity and standard deviation, the latter providing information of the cellular distribution of R123. Moreover, it permitted demonstration of the redistribution of R123 in the whole cell when coincubated in the presence of nigericb. the intracellular distribution of the probe or, in general, accurately evaluate the cell size (22) .
With these goals we have developed a protocol to quantify the mitochondrial staining of cell populations by fluorescence image analysis. Simultaneous study of intracellular quantification and distribution of fluorescent probes specific for cell parameters (e.g., pH, Ca2+) is now possible with fluorescence image analysis (16J7). Quantification of homogeneous fluorescence carried out by a thresholding segmentation process is not possible with discontinuous objects, such as mitochondria in living cells. In such a case it is difficult to take into consideration the total fluorescence emitted by the mitochondria of a single cell, especially when the staining is weak. Therefore, for quantification of R123 fluorescence intensity, a mask corresponding to each cell can be used to integrate the fluorescence intensity corresponding to the surface boundary and interior of the cell and to analyze the cellular fluorescence distribution. Manual delineation of cell cytoplasm for generation of the cell contour has been previously used (5,23). However, this is a time-consuming method and the subjective character of the contour determination of cell could limit accuracy. We decided to set up an automatic protocol to isolate each cell, determine the cell contour, and generate a mask. Furthermore, such a mask provides a measurement of the cell size and shape and allows easy rejection of cell debris or cell clumps. The principal problem for cell contour isolation is to achieve great enough contrast between the background and the cytoplasm. Labeling of the plasma membrane by a specific fluorescent probe was therefore chosen as a contrastenhancing protocol for generation of the cell mask.
The selection of the membrane probe must take into account two requirements: the probe should not interfere with R123 in any cellular mechanisms, and the fluorescence of the probe and of R123 should not completely overlap, so that the use of appropriate filters would make possible a separate evaluation of the fluorescence of each dye. For these reasons we selected nile red (NR), a hydrophobic probe (19) used for staining of lipid droplets in cardiac cells (6) and nuclear membranes (13). We first set up a protocol allowing the staining of the cells with NR and determined its fluorescence characteristics. In a second step the fluorescence spectra of R123 in various environments were recorded and potential interactions between NR and RI23 were investigated. A protocol for evaluation of intracellular R123 was then developed and applied to the study of human and murine leukemic cell lines.
Materials and Methods
Chemicals. R123 and NR were obtained from Sigma (St-Quentin Fallavier, France). A stock solution of R123 (0.1 mM) was made up in PBS and kept at -20°C. NR (1 mM) stock solution was prepared in DMSO and stored at 4'C. The stock solution of nigericin (Sigma) was dissolved in ethanol at 1 mM and stored at -20'C.
Cells and Staining Procedure. Experiments were performed on an established murine Friend leukemic (FLC) cell line and a human lymphoblastoid cell line (CCRF-CEM). FLCs were kindly provided by Dr. H. %pier0 (Villejuif, France) and CCRF-CEM cells were the gift of Dr. W. T. Beck (St Jude Children's Research Hospital; Memphis, TN). The cells were grown at 37°C with 5% CO2 in RPMI 1640 medium (Flow; Cergy Pontoise, France) supplemented with 2 mM glutamine, 10% fetal calf serum (Gibco; Orsay, France), and antibiotics. The cells were seeded at 1 x lo5 cells/ml or 2 x lo5 cells/ml for FLC and CCRF-CEM cells, respectively, every 2 or 3 days to maintain continually exponential growth. In all experiments the cell viability was measured by trypan blue exclusion and was always higher than 95%. For the experiments performed with spectrofluorometry. CCRF-CEM (1 x lo6 cells/ml) and FLC (1.5 x IO6 cellslml) were incubated with R123 at two concentrations, 5 and 50 pM for 15 and 60 min, respectively, washed twice with cold PBS and re-suspended at 1 x lo6 cells/ml in PBS.
For the experiments performed with microspectrofluorometry and image cytometry, FLC and CCRFCEM cells at the same density as described above were incubated with R123 (10 pM) for 30 min at 37"C, centrifuged, rinsed with PBS, incubated with NR (4 pM) for 5 min at 37'C, centrifuged, and rinsed with PBS before observation. The cells were plated in Sykes-Moore chambers for acquisition of data.
For experiments in the presence of nigericin, CCRF-CEM cells were incubated in a special medium (NaCI 5 mM. KCI 135 mM, MgC12 0.5 mM, CaC12 1.8 mM. Hepes 10 mM, glucose 20 mM) with R123 (10 pM) and nigericin (10 pM) for 30 min. washed with PBS, incubated with NR (4 pM) for 5 min. and rinsed with PBS before observation. Nigericin was maintained during the entire experiment (incubation, washing, and data acquisition).
Spectrofluorometry of R123 in Solutions and Cells. Deionized water and culture medium without phenol red (to avoid perturbations by fluorescence emission from phenol red) were used for aqueous solutions of R123 (10 pM). Excitation and fluorescence spectra were digitally recorded in a 1-cm path-length quartz cuvette with a Jobin-Yvon JY3D spectrofluorometer interfaced with a Tandon AT 286 microcomputer. The computer drove stepping motors (1 step = 0.5 nm) through a D/A device for scanning of excitation or emission wavelengths. An AID conversion allowed the numerization of fluorescence signal. Excitation and fluorescence spectra were recorded with a 4-nm bandwidth on both monochromators. During recording of the spectra cells were continuously stirred. Intracellular fluorescence spectra were recorded under 480-nm excitation and intracellular excitation spectra were recorded with an emission wavelength set at 550 nm.
Microspectrofluorometry on Single Cells. The microspectrofluorometer was composed of an inverted microscope (Leitz) connected to an Optical Multichannel Analyzer (OMA, Princeton Applied Research Corp.) equipped with a silicon-intensified target (SIT) detector. The excitation wavelength, 435 nm, was selected with a monochromator from the emission of a xenon lamp. This wavelength was chosen to use conditions similar to that used in image cytometry (435-nm mercury line). Data were transferred to a PDP 11/73 (Plessey) microcomputer for storage and calculations. The complex fluorescence spectrum resulting from the accumulation of Rl23 and NR in the cells was resolved into its components with a library of characteristic fluorescence spectra of these compounds recorded and stored before analysis. The fit between the experimental spectrum and the calculated spectrum was monitored by: (a) the statistical distribution of weighted residues (WR) (WR was defined as the ratio of the difference between the measured signal and the corresponding calculated signal versus noise on the difference); and (b) the variance of the distribution of WR (chi-square) (for more details see reference 21) Numerical Image Analysis. The fluorescence image cytometry system has been described elsewhere (25) . Briefly, an inverted fluorescence microscope (Olympus, IMT2) equipped with an epi-illuminating system, a x 40 objective (Leitz) (final magnification x 60) and a Silicon Intensified Target (SIT) camera from Lhesa (LH 4036) was coupled to a TITN SAMBA 2002 image processor. The light source for fluorescence excitation was a high-pressure mercury lamp (100 W). The mercury line at 435 nm was selected by a dichroic mirror. A computer-controlled filter holder allowed the automatic setting of the filters necessary to record the specific fluorescence of the two dyes: interference filter h max = 525 nm, half bandwidth = 10 nm for R123; interference filter h max = 610 nm. half bandwidth = 20 nm for NR. Irradiation of the microscopic field was electronically controlled by a shutter.
Quantitative measurements were possible by use of a specific data capture program which included subtraction of the background, correction of the non-linearity of the digitizer, and heterogeneity of the camera gain, pixel to pixel.
A protocol was developed to record the NR-stained plasma membrane fluorescence using image segmentation by thresholding, followed by a cell contour smoothing by opening and closing sequences. The use of parameters related to the mask of the cell (surface and shape factor) allowed exclusion of the data related to subcellular debris or cell clumps. The parameters obtained for each cell were cell size, shape factor from NR fluorescence, fluorescence intensity, mean fluorescence intensity, standard deviation, skewness, and kurtosis from R123 fluorescence.
Because of the heterogeneity of cell size, the total fluorescence intensity was not the most appropriate parameter to compare cells regarding the level of R123 accumulation. Therefore, the mean fluorescence intensity was calculated as the ratio of fluorescence intensity (for R123) to cell surface obtained from NR fluorescence. The standard deviation (SD) can be used to monitor the intracellular fluorescence distribution, since it results from the quadratic addition of electron noise (se), photonic noise (sphor), and the deviation from pixel to pixel of the fluorescence distribution (sdrsr):
Results
Spectrofluorometric study of R123 in Solution and Cell.
R123 is a fluorescent cationic lipophilic probe (Figure 1 ) known to specifically accumulate in the mitochondria of living cells. This accumulation is attributed to the high membrane potential of these organelles (9). R123 is relatively nontoxic; it can be used at low concentrations because of its high fluorescence quantum yield and high molecular extinction coefficient. The shape and the maxima of fluorescence and excitation spectra are characteristic of the interactions between the medium and the probe; therefore, spectroscopy is adapted to give information on the environment of R123. Fluorescence emission spectra of R123 recorded in water or in complete culture medium (without phenol red but with 10% v/v fetal calf serum) were identical ( Figure 2) ; likewise, the excitation spectra were identical (data not shown). This result indicated that there was no interaction between R123 and any components of the complete culture medium. On the contrary, the fluorescence spectrum of intracellular R123 displayed a red shift of 7 nm compared with the fluorescence spectrum of an aqueous solution (Figure 2 ). Furthermore, the excitation spectrum of intracellular R123 was shifted to the red compared with that obtained in aqueous solution (not shown). These shifts indicated that the intracellular environment of R123 was different from that in water and in culture medium.
The accumulation process in the cells often leads to high intracellular local concentration, which could generate molecular association of the probe once accumulated in the cell. Such an aggregation, which affects the molecular electronic energy levels, induces changes in excitation, emission, and/or absorption spectra and also alters the equilibrium of the probe in its molecular environment. A study of the intracellular behavior of R123 vs its concentration was performed by excitation and fluorescence spectroscopy under different experimental conditions. With the higher concentration of incubation (50 pM for 1 hr) the fluorescence spectrum shifted to the blue compared with that observed with the lower concentra-
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Nile red 1 hr) compared with cells loaded with a low concentration (5 pM for 15 min) (Figure 3) . We obtained the same results with FLC (data not shown). These blue shifts indicate the presence of associated R123 in cells loaded for 1 hr with 50 pM of R123 (18). Consequently, to avoid R123 autoassociation the cells were incubated at 10 pM for 30 min in the following experiments. Under these conditions the fluorescence spectrum was identical to that observed in cells stained with 5 pM R123 for 15 min.
Study of the Cell Staining with NR
NR is a fluorescent probe with a broad emission spectrum in the red region. The chemical structure is shown in Figure 1 . NR is weakly fluorescent in water and in polar solvents, and its fluorescence and excitation spectra are shifted according to the polarity of the solvents (19). Variations of pH in the physiological range do not affect the fluorescence characteristics (intensity and shift) of NR. Because of its high hydrophobicity, NR is rapidly trapped in the plasma membrane. We observed that with 4 pM NR for 5 min the staining was completed and stable for observation and data acquisition (Figure 4) . After brief incubation of cells, NR was mainly trapped in the plasma membrane, allowing a clear delineation of the cell contour and thus determination of the cell area. Moreover, at this concentration the dye did not exhibit any cell toxicity (data not shown). The fluorescence spectra emitted by NR-stained cells were identical from cell to cell in a population (there was no change in the shape or the shift of the fluorescence spectra) (data not shown).
To permit a quantitative evaluation of R123 fluorescence in the presence of NR, it was necessary to demonstrate the absence of interactions between the two probes. We analyzed the fluorescence spectra of cells incubated with both R123 and NR under 435-nm excitation ( Figure 5 ). The fit between the experimental intracellular fluorescence spectrum and the evaluated combination of char- acteristic fluorescence spectra was satisfactory when the distribution of the weighted residues was centered around 0 (represented at top of Figure 5 by WR) and chi-square value was close to 1 (0.98 in the present experiment). The resolution of the fluorescence spectrum emitted by a cell into its components demonstrated that this spectrum was due only to R123 and NR fluorescence. This meant that R123 and NR (administered according to the protocol described in Materials and Methods) did not interfere and that no additional fluorescence form was detected.
Selection of the Fluorescence of R123 or NR During Muhistaining
When cells were coincubated with R123 and NR, then excited at 435 nm, the overlap of the fluorescence spectra of R123 and NR could hamper the quantification of the two dyes. To quantify individually the fluorescence emitted by each probe, it was necessary to select specific spectral windows with interference filters (Figure 6 ).
Having defined the conditions of data capture, it was possible to digitize the fluorescence images, to isolate the object, and to delineate, by an automatic protocol of thresholding, a mask for each cell. This mask and the fluorescent image of R123 were superimposed and the fluorescence of R123 in the region defined by the mask was quantified. This protocol also allowed determination of the cell area. Moreover, other parameters could be calculated for each cell: mean fluorescence intensity and parameters related to the distribution of the fluorescence of R123. 
Comparison of R123 Accumulation in F E and CCRFCEM Cells
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Evaluation of tbe Intracellular Heterogeneity of
R123 Distribution
Nigericin is an ionophore (exchanging K' and H') said to hyperpolarize mitochondria by abolishing the ApH in the mitochondria and bringing about a compensating elevation of the membrane potential of these organelles (8) . We used nigericin to modulate the mitochondrial membrane potential and tried to detect this modulation through R123 accumulation. CCRFCEM were treated with R123 (10 pM) for 30 min in the presence or in the absence of nigericin (10 pM). When the distribution of the mean fluorescence intensity of R123 vs cell size was plotted for the two cell populations, the distributions of nigericin-treated and untreated cells largely overlapped (Figure 9 ). In fact, only 10% of the cells treated with nigericin showed an increase in the R123 fluorescence intensity compared with cells incubated without nigericin. However, the images of the two cell samples exhibited a difference in the distribution of the R123 fluorescence in normal vs nigericintreated cells. Whereas the cells incubated with R123 displayed only the characteristic mitochondrial staining (Figure loa) , a more homogeneous fluorescence distributed throughout cells was observed after incubation with nigericin ( Figure lob) .
To check possible modification of the R123 environment, we recorded the fluorescence spectrum of R123 from cells incubated in the presence of nigericin. There was no difference in the fluorescence spectra recorded in the absence or in the presence of nigericin. Therefore, the R123 redistribution was not related to a significant modification of R123 environment.
The intracellular differences of R123 distribution are shown in Figure 11 . When standard deviation was plotted vs mean fluorescence intensity, the two populations were separated despite the similar fluorescence intensity (Figure 11 cin (more homogeneous repartition) compared with that for cells incubated with R123 only. Therefore, it was possible to evaluate a difference in location of R123 in the cells and to distinguish the two cell populations.
Discussion
Over the last decade R123 has been widely used for visualization of mitochondria in living cells by fluorescence microscopy (9) and for studying many cellular events (for review see 2). Most of these investigations were performed with flow cytometric techniques, in which some parameters are not or cannot be evaluated accurately (e.g., cell site, intracellular distribution of staining) (22) . Image cytometry could provide more information than other techniques based on fluorescence, since it allows evaluation of the distribution of the intracellular fluorescence staining. However, the heterogeneous staining of R l 2 3 in the cell makes difficult the quantification of local fluorescence by image cytometry, especially when the staining is weak. Therefore, we used R123 in combination with a second fluorescent marker, NR, which delineated the cell contour. The use of N R to define a mask of the cell was possible because it did not disrupt cellular mechanisms and did not interact with R123. Moreover, R123 and NR fluorescence spectra overlapped only partially. However, we first had to check, by fluorescence spectroscopy, possible interactions between N R and R123 that could alter the quantification of R123 fluorescence. Fluorescence spectroscopy showed that, for a long incubation time and a high R123 concentration, a blue shift was observed for excitation and fluorescence spectra recorded from cell suspensions compared with those obtained after shorter incubation with a lower R123 concentration. This shift could be related to R123 aggregation when high intracellular concentrations are reached (18) . Our results led us to employ an incubation time of 30 min with R123 at the concentration of 10 pM in culture medium, under which conditions significant aggregation does not appear to occur. As indicated by Darzynkiewicz et al. (4) , the R123 fluorescence spectrum from cell suspension exhibits a red shift compared with the fluorescence spectrum of R123 in Hank's buffered saline solution. However, unlike Darzynkiewicz et al., we observed a concomitant red shift in the excitation spectrum. Such simultaneous shifts cannot be explained by a change of polarity in the environment of R123, as suggested by Kessel (11, 12) , between culture medium and cells, because polarity changes should induce a shift only of the fluorescence spectra and not of the excitation spectra (10). Furthermore, owing to its cationic nature, R123 cannot be an indicator of the polarity of its environment (10). Therefore, the observed spectral shifts indicate a stabilization of R123 in the intracellular medium. This study also demonstrated the absence of interactions between NR and R123 that could alter fluorescence quantification of R123.
The study of characteristic fluorescence spectra of each dye allowed selection of relevant interference filters ( h = 525 nm, half bandwidth = 10 nm for R123 and h = 610 nm, half bandwidth = 20 nm for NR) for use in our experimental conditions. Nevertheless, in the case of new cell lines or different conditions of cell treatment, it would be necessary to verify that such filters are appropriate for acquisition of the data, because a shift in the intracellular fluorescence spectrum might lead to artifacts in quantification. Once these preliminary steps were carried out and the conditions for quantitative fluorescence evaluation of NR and R123 established, a double labeling with these probes could be defined. An automatic protocol of analysis of the NR and R123 quantified images enabled us (a) to generate, from the NR image of each cell, a mask, by isolation of objects, thresholding. image segmentation, and contour smoothing by dosing and opening sequences; and (b) to use this mask in combination with R123 image data to evaluate cell parameters such as cell size and the total and mean fluorescence intensity of R123 emitted by isolated cells, and also to estimate the cellular distribution of R123 by calculation of the standard deviation.
This protocol was first applied to study of the accumulation of R123 in murine (FLC) and human cells (CCRFCEM). and we showed that the mean fluorescence intensity was similar in the two cell lines. This suggested that the mitochondrial activity was identical in both cell lines. Furthermore, significant differences were observed for the intracellular distribution of R123 when CCRF-CEM cells were incubated in the presence of nigericin. On the basis of only fluorescence intensity we were not able to discriminate treated from untreated cells. However, evaluation of the standard deviation allowed the demonstration of differences in the intracellular fluorescence distribution in the two cell populations (Figure 11 ). This phenomenon of redistribution occurred with nigericin, which has been said to hyperpolarize mitochondria (8) and to increase the mitochondrial uptake of R123. In our hands, nigericin in CCRF-CEM cells did not increase the accumulation of R123 compared with cells incubated only with R123. This result suggested either that there was no hyperpolarization of mitochondria or that the mitochondria were damaged, leading to a redistribution ofR123 in the entire cell. However, cell viability estimation by trypan blue exclusion indicated that cells were not dead. This change in the intracellular distribution of R123 is important, because R123 is a vital dye and because redistribution of the dye in the whole cell is suspected to be an early event in cell death (3). This parameter may be useful to detect intermediate metabolic states of the cell, not necessarily leading to cell death. With our methods R123 might be used more effectively as a marker for resistance to anticancer drugs, particularly in the case of the MDR phenotype (24) , since (a) low levels of R123 could be quantified (weak fluorescence) because the cellular staining with N R is independent of the degree of resistance of the cells (20) and (b) drug redistribution in different cell compartments seems to be an important phenomenon (23) .
Moreover we could extend the use of our technique with a third fluorescent marker emitting in a distinct domain from that of R123 and NR, e.g., a nuclear stain or glutathione marker emitting in the blue spectral region. The method permits quantitative analysis of both R123 fluorescence and intracellular distribution of the probe. The characterization of R123 fluorescence by several parameters (total and mean intensity, and distribution on individual cells) should help to clarify the mechanisms implicated in the specific accumulation and retention of the dye in the mitochondria of living cells.
